We introduce a novel simulation method, which enhances sampling efficiency of rugged landscapes. The algorithm, called 'resolution exchange,' allows one to combine local sampling, based upon a detailed, high resolution model, with a more global sampling, afforded by a reduced resolution model. The algorithm can be implemented with any type of Boltzmann preserving dynamics. We show that the algorithm satisfies detailed balance, and the sampling is therefore Boltzmann weighted. Performance is demonstrated on some model systems. This preliminary report echoes a poster presented at the Biophysical Society meeting in February, 2005.
Motivation
Simulations of large biomolecules are always plagued by a problem of ergodicity. Atoms numbering in the thousands, high density, and long range interactions render current computational resources insufficient for a thorough sampling of configuration space. The problem will likely be exacerbated as force fields improve, and become more computationally demanding. Replica exchange techniques [1] have provided some relief, though the resources required to implement an effective replica exchange simulation [2] , for a system with N degrees of freedom (DOF), scale as N 1/2 . We address this problem with a new simulation protocol, called resolution exchange (res-X for short). We show how to exchange configurations between simulations at different resolutions, while rigorously preserving canonical sampling. The resolution exchange algorithm combines the speed of reduced-model simulation with the detail afforded by all-atom resolution.
Theory
The resolution exchange method can be implemented in a number of ways: (i) as a parallel, true-exchange algorithm, (ii) serially, using alternating levels of resolution, and (iii) in an 'after-the-fact' mode, generating a high-resolution ensemble using a previously generated low-resolution ensemble. Such flexibility (already implicit, but not yet realized in conventional replica exchange) is one of the strengths of the resolution exchange strategy.
Parallel Resolution Exchange
FIG. 1 is a schematic representation of a parallel resolution-exchange simulation. The solid pink and blue lines indicate the course of the low and high resolution models, respectively. The dotted portions indicate the attempted resolution exchanges. FIGS. 2 and 3 suggest two candidate models for the simulation. The high resolution model is an all-atom representation, with all the interactions present in a standard molecular mechanics force field. The low resolution model has only backbone C's and N 's, with only torsional degrees of freedom. Notice that the low resolution model is made up of a subset of the DOF of the high resolution model, so that the exchange of configurations is an exchange of only these DOF. The probability to accept a proposed exchange must be chosen to guarantee canonical sampling. Indicating low and high resolution by subscripts L and H, the potential U , inverse temperature β = 1/k B T , the configuration of the shared DOF by Φ, and the extra DOF in the high resolution model by x, we accept a proposed move with a Metropolis [3] rate: w = min [1, R] , where R is
where we have denoted the initial/final configuration by i/f .
Serial Resolution Exchange
We can also construct a serial resolution exchange algorithm, shown schematically in FIG. 4 . First, the high-resolution (blue) is run for a specified time, after which the DOF are divided into two sets: low (Φ i ) and high (x i ) resolution. A low resolution simulation is then run (pink), starting from Φ i and ending in Φ f . The combination of Φ f and x i then forms the high-resolution trial configuration, which is accepted according to w = min [1, R] , where R is now given by:
Here we can think of the low resolution trajectory as a way of generating a trial move for the high resolution model, and then explicitly correcting for the associated generating probability. Such move generation schemes using approximate (but equally detailed) potentials have been suggested by Berne [4] , and later by Gelb [5] .
Results

Butane
In order to demonstrate the serial resolution exchange algorithm, we compare results obtained for butane with standard Langevin dynamics, to results obtained using the resolution exchange protocol. The small size of the butane molecule allows thorough sampling using ordinary simulation techniques, so that a good set of reference data is easily obtained.
Reference Data. The reference data were generated by 1 µs of Langevin dynamics (LD), with a timestep of 1 fs, friction coefficient of 91 ps −1 , and no solvation at 298 K, using the charmm27 all-atom force field [6] . The Tinker simulation package [7] , version 4.2, was used for all the simulations. We note that all-atom butane has 36 independent DOF.
Resolution Exchange. The high resolution portions of the res-X simulations were generated with the same simulation protocol as the reference data, except that every 1 ps a resolution exchange move was attempted. The low resolution model has one DOF, the backbone dihedral, which moves in a simple potential, shown in FIG. 6 .
FIG . 5 compares the course of a res-X simulation to a LD simulation without resolution exchange. The quantity which is plotted is the C −C −C −C dihedral, in order to show the frequency of transitions between the three conformers. It is evident that the res-X simulation makes transitions about ten times more frequently than a standard LD simulation.
Next, we show that the res-X method correctly reproduces the distribution of conformations, by comparing the histograms of the C − C − C − C dihedral, measured in three different simulations. Shown in FIG. 7 in blue is the 1 µs simulation with no resolution exchange. In red and green are the results of two different 10 ns res-X simulations, with different potentials for the low resolution model. The potentials are also shown in FIG. 6 , colored to match the datasets. Note that the correct, symmetric distribution is obtained even from a highly asymmetric low-resolution potential.
Met-Enkephalin
Ultimately, we would like to use the resolution exchange protocol to study proteins. As a first step in this direction, we have simulated met-enkephalin, a penta-peptide neurotransmitter. Intermediate in complexity between butane and small proteins, met-enkephalin is often used as a test for new simulation protocols [8] , or for careful testing of force fields [9] .
Reference Data. Two reference trajectories are presented: 20 ns and 392 ns of LD, each with a 1 fs timestep, 91 ps −1 friction coefficient, and GB/SA solvation at 298 K, using the charmm27 all-atom force field [6] . We note that all-atom met-enkephalin has 246 independent DOF. Tinker version 4.2 was used to run the LD simulations.
Resolution Exchange. The high resolution portions of the res-X simulations were generated with the same simulation protocol as the reference data, except that every 1 ps a resolution exchange move was attempted. The high resolution portion of the res-X trajectory is also 20 ns. The low resolution model contains only backbone torsions (10 DOF), moving in an empirical potential constructed from high quality ramachandran maps [10] , which was subsequently smoothed in an ad hoc manner. The full potential is a simple sum of the independent Ramachandran maps. For larger systems, steric interactions will be included.
To assess the quality of sampling, Ramachandran plots for the Tyr1 residue of met-enkephalin are shown in FIGS. [8] [9] [10] . Comparison of the 20 ns simulations, with the long simulation, shows that the simulation with resolution exchange converges much more rapidly than without resolution exchange. However, there is one basin (C7) present in the long simulation, which neither short simulation has sampled. It seems likely, given the relatively low population of the C7 basin, that even the 392 ns simulation has not yet converged to the equilibrium distribution. We are currently addressing this issue by optimizing the res-X protocol, searching for the optimum tradeoff between duration of the high-resolution trajectories, and time spent on the exchange procedure. The data presented here represent the first res-X simulations performed; no attempts have yet been made to optimize the simulation.
Discussion
We have demonstrated the efficacy of the resolution exchange protocol on two test systems. We have shown that an arbitrary low-resolution model can be used to enhance sampling in a higher resolution model, while rigorously maintaining canonical sampling. We emphasize that the results presented here have been obtained without optimizing the tradeoff between exchanges and high-resolution sampling. We expect significant improvement from optimization, which will consist of straightforward adjustment of trajectory lengths, scaling of the lowresolution potential, and the inclusion of sterics in the low-resolution model.
Scaling the method up to larger protein systems will likely require the development of more sophisticated low-resolution models. It may be that a ladder of models will be required, so that the jump in resolution between models is not too great, mirroring other generalized ensemble methods [2] . However, we emphasize that computational expense decreases dramatically with decreasing resolution, so that exchange of resolution should scale much more favorably with system size than current replica exchange simulations. 
